Introduction
The Spent Fuel Test-Climax (SFT-C) was conducted under the technical direction of the Lawrence Livermore National Laboratory as part of the U.S. Department of Energy's Nevada Nuclear Waste Storage Investigations. The major objective of the SFT-C was to evaluate the tech nical feasibility of short-term emplacement and retrieval of spent reactor fuel assemblies at plausi ble repository depth in granitic rocks (Ramspott et al., 1979) . A secondary goal was to evaluate the chemical and physical response of a typical gra nitic lithology to the thermal and radiation fields produced by the spent fuel assemblies. Because the granite (sensu Into) at Climax falls within the confines of crystalline rock (as defined by OCRD-1,1983) , these results establish a starting point for further investigations of high-level waste storage in crystalline rock.
Data regarding changes in the mechanical properties of the Climax granite as a result of min ing operations and canister emplacement, as well as information regarding physical conditions dur ing the test, instrumentation, dosimetry, and met allurgical studies, are summarized in a series of technical interim reports (Carlson et al., 1980; Pat rick et al., 1982 Pat rick et al., ,1983 Pat rick et al., ,1984 . In this report we focus on mineralogical changes in the host granite as a result of the SFT-C.
The mineralogy and petrology of pre-test samples from canister core holes 1 through 17 (CCH1-17) were presented in a previous report (Ryerson and Qualheim, 1983) . In this report we present a similar set of data for post-test samples obtained from cores drilled adjacent to the inter section of the canister emplacement hole (CEH) and the initial canister core hole. Samples taken from this position experienced the most intense radiation and thermal histories within the canister drift, and their proximity to the previously studied CCH samples allows mineralogical changes pro duced by the SFT-C to be determined from com parison of pre-and post-test data sets.
Summary of Pre-Test Results
The Climax Stock is a composite granitic pluton of Cretaceous age and is composed of an equigranular biotite grandiorite and a porphyritic biotite quartz monzonite that were intruded into Paleozoic carbonates (Maldonado, 1977) . The tun nel complex used for the SFT-C lies entirely within the quartz monzonite. Previous investiga tions show that the quartz monzonite has experi enced variable degrees of hydrothermal alteration by a water-rich fluid [X (C0 2 ) = 0.018] at maxi mum temperature (~370°C) and pressure (1 kbar) (Connolly, 1981; Ryerson and Qualheim, 1983) .
The primary igneous quartz monzonite is a porphyritic rock composed of a groundmass of equant to subhedral grains of plagioclase, Kfeldspar, quartz, and biotite ranging from 0.5 to 2.0 mm in diameter. The groundmass plagioclase is tabular and elongate and displays ubiquitous oscillatory zoning and polysynthetic twinning. The K-feldspars are untwinned, and the quartz grains often display undulatory extinction. K-feldspar, quartz, and biotite are also present as phenocrysts ranging from 4 to 6 mm, 3 to 15 mm, and 1 mm in diameter, respectively. Titanite, zircon, ap atite, and allanite are the primary igneous acces sory phases and comprise less than 3 vol% of the rock.
The Hydrothermal alteration is concentrated on biotite and plagioclase sites and is characterized by ubiquitous deuteric alteration and more in tense alteration (as intense as potassic) localized along veins. The vein mineralogies ar J of two dis tinct types. The first type, known as barren, is composed of quartz with or without pyrite. Alter ation zones adjacent to these veins are thin (5 mm) and lack intense secondary mineralization. Calcite, in particular, is always missing from these veins. The second vein assemblage, known as fer tile, is composed of quartz, calcite, pyrite, epidote, and apatite and may also contain some grains of muscovite, K-feldspar, and intensely altered pla gioclase. The alteration zones adjacent to these veins may be up to 2 cm wide and show extensive secondary mineralization. The alteration assemblages record the pro gressive loss of calcium from the plagioclase sites (depletion of anorthite component) to the biotite sites (presence of epidote) and the transfer of po tassium, magnesium, and iron from the biotite sites to the plagioclase sites (formation of musco vite). In highly altered samples, the preferential loss of anorthite from the plagioclase during hy-drothermal alteration can lead to a bimodal distri bution of plagioclase compositions with modes at An 3] and An 5 . The latter refers to the altered pla gioclase and is always spatially localized near al teration phases (e.g., muscovite, clinozoisite, and calcite).
In our previous study (Ryerson and Qualheim, 1983) , we evaluated the chemical and petrographic variability of these samples with re spect to position within any single CCH and
The 17-canister-hole array for the SFT-C contained both spent fuel canisters and electrical simulators, The spent fuel was in place between 2.5 and 5.5 YOC (years out of reactor core). Ther mocouples at the canister, liner, 200 m into the rock, and 360 m into the rock measured the nearfield temperatures. Temperature-time-distance profiles were also calculated on the basis of the relevant thermal output and thermal characteris tics of the liners, rock, etc. for all these positions plus the rockwall position; no thermocouple was placed at the rockwall. The agreement between calculated and measured temperatures for the five central canister holes is excellent. Although the calculations tend to overestimate temperatures in the distal holes as edge effects become more im portant, the disagreement at the midplane for the distal canister holes is still less than 5°C (Patrick et al., 1982) .
Our post-test investigation focused on canis ter emplacement holes 1,3,4, and 9. CEH1, CEH3, and CEH9 contained spent fuel assemblies, and CEH4 contained an electrical simulator (Carlson Our method of selecting and preparing sam ples is shown in Fig. 1 . The 6-in.-diam post-test core was obtained along a radius of the canister emplacement borehole, at the point of intersection with the pre-test borehole (the CCH was within the perimeter of the subsequently drilled canister emplacement borehole). Therefore, the pre-test CCH core and post-test core (PTC) provide a con tinuous sample radial to the canister emplacement borehole.
We logged the PTC and chose sampling re gions that represented both areas of fresh unalwitrtin the canister drift itself. We concluded that no intersample variation in mineral chemistry can be attributed to sample position. The same is true for all other petrographic features including min eral abundances. All intra-and intersample varia tions can be attributed to either primary igneous processes (e.g., mineral zoning, presences of phenocrysts) or secondary alteration processes (e.g., the presence or absence of either barren or fertile veins). et al., 1980) . We selected CEH4 so that any differ ences in mineralogical response due to heat vs heat and radiation could be recognized; CEH9 represents the center of the array and should have experienced the greatest time-integrated tempera ture. Maximum temperatures at the rockwall sur face did not exceed 80°C for any of the CEHs and decreased approximately 15°C between the ther mal maximum at 2.9 YOC and canister removal at 5.4 YOC (Patrick et al., 1982 (Patrick et al., ,1984 .
CEH1 contained water up to 3.0 YOC (Patrick et al., 1982) ; therefore, it afforded the greatest opportunity to observe hydrothermal effects, as well as the effects of radiolysis. The presence of water in the bottom of CEH1 buffered the canister temperature at 100°C, compared to 120°C at the bottom of CEH9. However, the temperature mea sured 360 mm into the rock adjacent to the bottom of CEH1 at 3.1 YOC was less than 10°C cooler than that measured at the bottom of CEH9 at the same time (Patrick et al., 1982) . Hence, for the purposes of this report, the 17 CEHs can be con sidered an isothermal array.
tered granite and areas intersected by heated and/ or open fractures and veins. Then we cut disks (8 to 25 cm thick) from the core in these areas and sectioned them along a radius of the emplacement hole, subsequently resectioning each semicircular disk parallel to the previous cut to obtain a slab. We then cut this slab parallel to the axis of the emplacement borehole to obtain a number of smaller slabs from which we prepared thin sec tions. At each depth, sample A is closest to the wall of the canister borehole and sample F is far thest from the hole. To assure correct orientation with respect to the emplacement borehole, we cut a number a notches in these final slabs. The final polished thin sections provide a suite of samples oriented radially with respect to the source of heat and radiation. Therefore, the resulting data set can be evaluated with respect to the pre-test samples, as well as to the heat and radiation source in any particular hole.
Physical Conditions During SFT-C Sample Preparation

Analytical Techniques Petrographic Analysis
We examined all the thin sections in both re flected and transmitted light and noted the min eral assemblages. Where necessary, we subdi vided a section into fresh, altered, and vein assemblages (Appendix A). Then we stained sam ples from selected horizons for feldspars and ob- tained 1000 point modes to determine the volume percentages of minerals. Although our previous study (Ryerson and Qualheim, 1983) included phenocrysts in the modal analyses, this procedure is problematical on a thin-section scale because it produces large variations in modal abundances depending on the presence or absence of pheno crysts. Thus, in this study we have not counted any phase greater than 4 mm in diameter, which prejudices our analysis toward groundmass min eralogy. We can argue the validity of this proce dure by observing that natural hydrothermal al teration is concentrated in the groundmass and that any alteration produced by the SFT-C is also likely to be concentrated there. To compare these results with those from pre-test CCH sam ples, we reanalyzed 13 CCH samples using this revised procedure (Table 1) .
Post-Test
In our previous report (Ryerson and Qualheim, 1983) we listed four types of mineralogical phenomena that could take place during the SFT-C:
1. Hydration reactions. 2. Dehydration .reactions. 
Microprobe Analyses
As in our previous study (Ryerson and Qualheim, 1983) , we obtained microprobe analyses in both automated and interactive modes, using a 2-fim x 2-/im rastered beam at an accelerating potential of 15 kV and a sample cur rent (measured in a Faraday cup) of 15 nA. Auto mated mode allowed us to obtain analyses on a 300-point grid on any particular thin section. The major objective of this type of analysis was to de termine objectively the compositional distribution of the major phases, particularly the feldspars. Since the minor phases (less than 5 vol%) are not well represented in the data set from automated analysis, we reanalyzed representative samples in an interactive mode, concentrating on minor and alteration phases.
Results
Mineralogical evidence for the first three pro cesses is the appearance of a new phase in the post-test samples. For instance, using thermody namic analysis of Climax groundwater compo sitions, Isherwood et al. (1982) found that kaolinite and montmorillinite should form at the expense of plagioclase and K-feldspar. Also, an experimental study by Charles and Bayhursl (1980) , in which a biotite grandiorite was reacted with distilled water, produced montmorillonite at 72 and 119°C and a variety of zeolites at higher temperatures (310°C maximum). Cation exchange processes can be determined by changes in min eral composition, but such processes are expected to be extremely sluggish in the temperature range of the SFT-C; the mineral chemistries below are presented as proof. As such, petrographic analysis of the post-test samples is expected to yield the most important data in evaluating the effects of SFT-C.
The petrographic data for each of the posttest samples studied is given in Appendix A. Since many of the samples are cut by veins with or without alteration haloes, we have chosen to sub divide them into unaltered (/U) and altered (/A). For instance, sample CCH1-2.6C is cut by a vein containing pyrite, calcite, and clinozoisite; the area adjacent to the vein is designated 2.6C/A, and that region of sample CCH1-2.6C unaffected by the hydrothermal solution once present in the vein is designated 2.6C/U. For each sample, we have fur ther subdivided the mineralogy into primary min eralogy, alteration minerals on plagioclase and on biotite, and vein filling.
Plagioclase, K-feldspar, quartz, and biotite are listed among the primary phases. The primary ig neous accessory phases-apatite, titanite, allanite, and zircon-have not been listed, but are ubiqui tous and do not display any evidence of hydrothermal alteration.
As in the pre-test samples, plagioclase dis plays variable amounts of hydrothermal alter ation. This alteration is most pronounced in ha loes adjacent to calcite-bearing (fertile) veins and less pronounced adjacent to calcite-free (barren) veins. In both cases, these alteration haloes are overprinted by a ubiquitous deuteric alteration. Muscovite is the most common alteration phase on plagioclase occurring in every sample. Its ubiq uity is due to its formation during the late-stage deuteric alteration, as well as that associated with hydrothermal fluids carried in veins. Clinozoisite and epidote can also be found in samples that ex perienced only deuteric alteration, but are more commonly found in alteration zones adjacent to veins. Calcite and K-feldspar are restricted to the alteration zones adjacent to calcite-bearing veins that obviously acted as conduits for the transport of carbonate species to these alteration sites as part of the natural hydrothermal process.
Biotite displays a wider variety of alteration assemblages than does plagioclase and, in many cases, is totally replaced by secondary minerals. It is clear that these assemblages result from the dis equilibrium overprinting of either a number of hydrothermal events or incomplete reequilibration to changing external conditions during a sin gle event. The most common alteration style is the symplectic intergrowth of other sheet minerals (e.g., chlorite and muscovite). Chlorite is the most common phase, and its presence on biotile is anal ogous to that of muscovite on plagioclase, occur ring as both a product of deuteric alteration and hydrothermal alteration associated with veins. The distribution of epidote is similar to that of chlorite (epidote is absent in some samples, how ever), indicating that it was formed under similar conditions; chlorite and epidote is the most com mon subset of alteration phases on post-test sam ples, as it was on pre-test samples. With increas ing intensity of alteration (e.g., adjacent to veins), muscovite, titanite, and pyrite are found on biotite. Rutile is found in the most intensely altered bio tite, while calcite on biotite is found only adjacent to fertile veins. The alteration mineralogy records the depletion of potassium and, to a lesser extent, iron from the biotite sites coupled with an enrich ment of calcium (released at the plagioclase site). The formation of rutile and titanite on the biotite sites reflects the low mobility of titanium relative to these other elements during hydrothermal al teration because these components are left as a residue on their original igneous sites.
The most important result of the post-test pe trography is the absence of any new phases in the post-test samples and the identification of alter ation textures identical to those of the pre-test samples studied. Hence, the conditions axperienced during the SFT-C were not of sufficient duration or intensity for new phases to form or for pre-test minerals to be destroyed. It is interesting to note that results from post-test samples taken radial to heater holes in the north and south drifts of the Climax Mine yield conclusions identical to those presented here despite significantly higher temperatures in the heater drifts (350°C vs 80°C) (Beiriger et al., 1984) . As stated earlier, the natural hydrothermal event that affected the Climax Stock reached a maximum temperature of ap proximately 370°C at a pressure of 1 kbar. A simi lar temperature at 1 atm total pressure adjacent to the north and south heater drift holes would have caused the water to evaporate, drying the holes. In the absence of water, the 350°C conditions did not produce any mineralogical effect despite the instability of hydrous phases at these conditions. Thus, the continuous presence of hydrous phases must be attributed fo the sluggish kinetics of these dehydration reactions.
The thin-section petrography establishes the absence of any pentrative chemical alteration due to the effects of the SFT-C. However, a film of fine-grained material was deposited on the wall of the canister hole subsequent to the removal of the PTC. To determine the nature of this material, we removed a sample from the surface of CEHl for analysis by x-ray diffraction (XRD). The only phases identified in the XRD pattern were plagioclase, K-feldspar, quartz, and calcite. Plagioclase, quartz, and K-feldspar, which represent the major minerals in the quartz monzonite, are not ex pected to precipitate from aqueous solutions at the pressures and temperatures obtained during the SFT-C. Hence, we believe that this material is simply dust produced by drilling the initial canis ter hole or the post-test hole. Calcite is also present in the quartz monzonite, and its presence on this surface could similarly be attributed to drilling dust. However, in their analysis of Climax groundwater chemistry, Isherwood et al. (1982) concluded that calcite precipitation was a continu ing process within the Stock. Since the rockwall surface was accessible to particulates, as well as fluids, we cannot eliminate the possibility that some of the observed calcite is a chemical precipitate.
Modal Analyses
Results of pre-and post-test modal analyses are presented in Tables 1 and 2 , respectively. As stated earlier, our previous study of pre-test modal analyses included every type of mineral occur rence in the sample and, therefore, inhomogeneities due to the presence or absence of phenocrysts, alteration, and veins. For this study, we chose to exclude any phenocryst with a diameter greater than 4 mm in order to eliminate some of the scatter generated by primary igneous pro cesses. Hence, a larger proportion of sample vari ability will be attributed to alteration processes, both hydrothsrmal and those produced by the SFT-C. In this connection, we employed the new procedure to select and analyze a suite of rela- tively fresh pre-test samples and then used them as a data base for comparison. Suites of five posttest samples taken radial to the canister hole (see Fig. 1 ) were selected from two horizons in CCH1 and from one horizon in CCH9 to investigate ra dial variations caused by fluctuations in tempera ture and radiation intensity, as well as intra-and interhole variability.
Comparison of the pre-and post-test modal abundances (Tables 1 and 2 ) indicates no statisti cally significant variation (based on t-test) be tween pre-and post-test samples within the reso lution of the measurement technique (2 sigma after Van der Plas and Tobi, 1965) . From this, we can conclude that the SFT-C has produced no overall variation in mineral abundance. This is in agreement with the petrographic observation that no new minerals formed during the SFT-C; in the absence of new phases, there is no mechanism by which to effect changes in mineral abundance. Further, the data indicate no obvious variations in abundance from hole to hole or with depth in a particular hole.
Significant modal variations do exist between samples taken at a particular depth. However, when plotted as a function of position away from the canister hole perimeter (Figs. 2 to 4 variations show no distinctive radial pattern. Hence, we must attribute these variations in modal abundance to a combination of primary ig neous processes and hydrothermal alteration. 
Mineral Chemistry-Primary Phases
Feldspars
Compositional data for both plagioclase and K-feldspar were obtained in the automated mode described earlier. The pre-and post-test results are tabulated in Tables 3 and 4 , respectively. The pre test data were taken from relatively fresh samples similar to those from which the modal data were collected. Unlike the modal studies, however, this type of analysis could not avoid phenocrysts greater than 4 mm in diameter. The method of selecting samples was also similar to that used in selecting samples for modal analyses and allows changes in feldspar compositions to be evaluated with respect to depth, position within the canister drift, and position with respect to the heaters or spent fuel canisters.
Analysis of pre-test samples showed no sig nificant intra-or interhole variation in either the plagicdase or K-feldspars. This is also true of the post-test data. A comparison of the pre-and posttest data indicates no statistically significant (based on t-test) change in the feldspar compo sitions as a result of the SFT-C. The average pre test plagioclase composition for the post-test sam ples is An 32( ,, ± 2.n vs An 3137 ±1 M , and the average pre-test K-fe!dspar composition is Or 8905 ± 285 vs Or 89 80 ± 2.16-There is also no variation in feldspar chemis try with respect to sample position relative to the canister hole (Figs. 5 to 7) . A similar conclusion was reached for samples taken radial to a heater in the north drift, NHH10 (Fig. 8) (Beiriger et al., 1985) .
Biotite
The biotite analyses were obtained in an in teractive mode. The data are presented in Appen dix B, and the average of all analyses is given in Table 5 . Although the pre-and post-test biotite data base is small in comparison with that for the (Fig. 9 ).
Mineral Chemistry-Alteration Phases
The muscovite analyses are presented in Ap pendix B, and the average muscovite composition is given in falls within the range defined by the pre-test analyses. As in the case of pre-test samples, the muscovites found on biotite are enriched in iron and magnesium compared to those on plagioclase, indicating that only local cation exchange equilib ria was attained during hydrothermal alteration (Fig. 10) . The compositional fields defined for the two modes of occurrence of post-test muscovites correspond to those defined by the pre-test analyses (Fig. 10) .
Chlorite
Chlorite is present solely as a symplectic intergrowth on biotite. The post-test chlorite analyses are given in Appendix B, and the average of all post-test analyses is given in Table 5 . The stoichiometry of the post-test chlorites, (Fe,Mg) 9 . 2 5Mn 0 . 1 3Al 4i9 5Si5.5 9 O 20 (OH) I6 , is also in good agreement with that of the pre-test analyses, and the range of post-test compositions falls totally within the range defined by the pre test samples. (Fig. 9 ).
Clinozoisite and Epidote
Clinozoisite and epidote are present as a complexly zoned solid solution on plagioclase (see Fig. 2 , Ryerson and Qualheim, 1983) and as ironepidote on biotite. Compositional data are pre sented in Appendix B, and an average compo sition is given in Table 5 . The stoichiometry given by the Ca 2 (Al,Fe* J )3Si 3 Oi 2 (OH) of the post-test samples is in good agreement with that of the pre test analyses, and Al/(A1-Fe) varies between 0.66 and 0.84 and is in good agreement with the range defined by the pre-test samples (Fig. 11) . 
Summary and Conclusions
We analyzed the post-test samples to deter mine (1) mineral assemblages, (2) modal abun dances, and (3) mineral chemistry Samples were selected in a manner that allowed us to evaluate variations in these properties with respect to (1) depth in a particular canister hole, (2) position within the canister drift, (3) position with respect to the heat and radiation sources, and (4) pre-test results. In no case did we find any significant cor relation between mineralogic properties and test variables. An analysis of samples from the north heater drift also yielded similar results despite much higher local temperatures (Beiriger et al" 1985) .
Because we observed no significant effects, it follows that there was no difference between the effect of heat vs heat and radiation (CEH4 vs CEH1, CEH3, and CEH9). Further, we did not ob serve the possibility of enchanced aqueous disso lution in CEH1.
The current results are encouraging with re spect to the eventual licensing of a repository in crystalline rock because they demonstrate that no gross changes in mineralogic properties occurred during SFT-C. However, the SFT-C sampled a very limited range of external conditions and was not designed to assess the mineralogical response of granitic rocks to sustained low-temperature aqueous conditions. The possibility that some new minerals formed during the SFT-C cannot be precluded. In fact, the inherent instability of the feldspars under low-temperature aqueous conditions virtually guarantees the formation of clay minerals (c.f. Isherwood et al., 1982) . Unfortu nately, sluggish kinetics, the intermittent nature of aqueous conditions during the SFT-C, and the expected low abundances of these secondary phases prevents us from observing the resolution of this work. As such, laboratory studies of rockwater interactions for relevant granitic Iithologies and external conditions are recommended.
